Some human adenoviruses are tumorigenic in rodents. Subgroup A and B human adenoviruses generally induce sarcomas in both male and female animals, and the gene products encoded within viral early region 1 (E1 region) are both necessary and sufficient for this tumorigenicity. In contrast, subgroup D human adenovirus type 9 (Ad9) induces estrogen-dependent mammary tumors in female rats and requires the E4 region-encoded ORF1 oncoprotein for its tumorigenicity. Considering the established importance of the viral E1 region for tumorigenesis by adenoviruses, we investigated whether this viral transcription unit is also necessary for Ad9 to generate mammary tumors. The nucleotide sequence of the Ad9 E1 region indicated that the gene organization and predicted E1A and E1B polypeptides of Ad9 are closely related to those of other human adenovirus E1 regions. In addition, an Ad9 E1 region plasmid demonstrated focus-forming activity in both lowpassage-number and established rat embryo fibroblasts, whereas a large deletion within either the E1A or E1B gene of this plasmid diminished transforming activity. Surprisingly, we found that introducing the same transformation-inactivating E1A and E1B deletions into Ad9 results in mutant viruses that retain the ability to elicit mammary tumors in rats. These results are novel in showing that Ad9 represents a unique oncogenic adenovirus in which the E4 region, rather than the E1 region, encodes the major oncogenic determinant in the rat.
Human adenoviruses cause primarily respiratory, gastrointestinal, and eye infections in people and are divided into six subgroups (A to F) based upon several physical characteristics (25, 48) . In rodents, however, the subgroup A and B adenoviruses are tumorigenic, eliciting undifferentiated sarcomas at the site of viral inoculation in both male and female animals (22, 54) . Although subgroup D adenoviruses are nononcogenic in hamsters (54) , subgroup D human adenovirus type 9 (Ad9) elicits mammary tumors in rats (3, 4, 29) . Three months after subcutaneous injection with Ad9, female rats develop exclusively estrogen-dependent mammary tumors, while male rats fail to develop tumors of any kind. Tumors that form in the female rats are predominantly mammary fibroadenomas, the most common type of benign breast tumor found in young women (29, 44) .
For the subgroup A and B adenoviruses, the E1A and E1B gene products encoded within the viral early region 1 (E1 region) are both necessary and sufficient for oncogenic transformation of primary rodent cell cultures (22, 49, 51) . Individually, E1A is capable of immortalizing cells (26) , whereas E1B displays no transforming potential (55) . Together, however, these viral genes cooperate to produce transformed cells (22) .
The mechanism by which E1 region gene products transform cells can be attributed, in part, to their ability to inactivate the cellular tumor suppressor proteins pRB and p53 (48) .
Unlike subgroup A and B adenoviruses, subgroup D Ad9 requires the E4 region ORF1 oncoprotein to generate tumors (30, 32) . Nevertheless, the facts that (i) E1A mRNA is expressed in Ad9-induced mammary tumors (29) and (ii) the Ad9 E1 and E4 regions together cooperate to induce focus formation in CREF cells (30) suggest that the viral E1 region may also be required for Ad9-induced mammary tumorigenesis. To address this possibility, we constructed Ad9 mutant viruses containing transformation-defective E1A and E1B genes. Despite the critical role of the viral E1 region in oncogenesis by subgroup A and B adenoviruses, we present results here indicating that E1 region transforming functions are dispensable for Ad9 to induce mammary tumors in rats.
Construction of adenovirus mutants. Ad9 mutant viruses having the same E1A and E1B gene deletions described above for plasmids pAd9E1(⌬E1A) and pAd9E1(⌬E1B) were generated. Briefly, the full-length Ad9 genome (0 to 100 m.u.) consists of three EcoRI fragments: A (7.5 to 95 m.u.), B (0 to 7.5 m.u.), and C (95 to 100 m.u.). Deletions were first introduced into the Ad9 EcoRI B fragment of a plasmid, pAd9-EcoRI(BϩC), which contains properly oriented terminal Ad9 EcoRI B and C fragments but lacks the intervening Ad9 EcoRI A fragment. Full-length mutant Ad9 genomes were subsequently assembled by inserting a virion-derived Ad9 EcoRI A fragment in the correct orientation at the unique EcoRI site of mutant pAd9-EcoRI(BϩC) plasmids. The resulting infectious pAd9-EcoRI(AϩBϩC) plasmids were digested with SpeI to release intact linear viral genomes, which were transfected into 293 cells to complement expected E1 region deficiencies of the mutant viruses (2, 23) . Recovered viruses were amplified and titrated in 293 cells (31, 48) .
Isolation of RNA and Northern blot analyses. Total RNA was isolated from mock-infected or Ad9-infected A549 cells (multiplicity of infection of 10; 9 h postinfection). Cells were washed with ice-cold phosphate-buffered saline (4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl) and lysed in guanidinium solution (4 M guanidinium isothiocyanate, 20 mM sodium acetate [pH 5.2], 0.1 mM dithiothreitol, and 0.5% [wt/vol] Sarkosyl) (12) . The resulting lysate was drawn through a 20-gauge needle to shear cellular DNA, layered onto a 5.7 M CsCl cushion, and centrifuged at 150,000 ϫ g for 18 h. The RNA pellet was dissolved in TES buffer (1 mM Tris-HCl [pH 7.5], 2.5 mM EDTA, 1% [wt/vol] sodium dodecyl sulfate [SDS]), precipitated with ethanol, and resuspended in water.
For Northern blot analyses, total RNA was separated on a formaldehyde agarose gel and transferred to a nitrocellulose membrane (13) . The membrane was preincubated in hybridization buffer (0.5 M Na 2 HPO 4 [pH 7.2], 1 mM EDTA, 7% [wt/vol] SDS) at 65°C for 4 h and then incubated in hybridization buffer containing a radiolabeled DNA probe (4.3 ϫ 10 6 cpm/ml) at 65°C for 16 h. E1A and E1B probes, derived from Ad9 E1 region DNA fragments SacI-SphI (nt 542 to 1473) and NaeI-EcoRI (nt 1609 to 2563), respectively, were radiolabeled by the random priming method (17) and purified by gel filtration on NICK columns (Pharmacia). Probed membranes were washed in SSC wash buffer (45 mM NaCl, 4.5 mM sodium citrate, 0.1% [wt/vol] SDS) at 65°C.
Isolation of virion and cellular DNA. For isolation of adenovirus virion DNA, 293 cells were infected at a multiplicity of infection of 10 and, at 72 h postinfection, were harvested and lysed in lysis buffer (55 mM Tris-HCl [pH 9.0], 0.5 mM EDTA, 0.2% [wt/vol] sodium deoxycholate, 10% [vol/vol] ethanol, 0.5 mM spermine-HCl). Cell lysates were cleared by centrifugation, treated with proteinase K solution (0.75% [wt/vol] SDS, 12.5 mM EDTA, 2.5 mg of proteinase K per ml) at 37°C for 1 h, and extracted with phenol and chloroform. Virion DNA was precipitated with ethanol and resuspended in water.
For isolation of cellular DNA, 400 mg of frozen tumor tissue was ground in a liquid nitrogen-chilled mortar and pestle. The resulting frozen tumor powder was suspended in 4.8 ml of digestion buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 25 mM EDTA, 0.5% [wt/vol] SDS, 0.1 mg of proteinase K per ml), incubated at 50°C for 16 h, and extracted with phenol (52) . Cellular DNA was precipitated with ethanol and resuspended in TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA).
PCR analyses. For PCR amplification of cDNAs (reverse transcription-PCR analysis), 2 g of total RNA was reverse transcribed with Moloney murine leukemia virus reverse transcriptase, using random hexamers, as suggested by the manufacturer (Gibco-BRL). Ad9 E1A cDNAs were PCR amplified with Taq polymerase (Promega) by using E1A primers 1 (nt 551 to 570; 5Ј CTC CTG CAG TCC CAG AGA CCG AGA AAA AT 3Ј) and 2 (nt 1430 to 1411; 5Ј CTC AAG CTT AAG CGC ACG TGC GTC TAG TT 3Ј). PstI and HindIII sites (underlined) engineered within the E1A oligonucleotides allowed PCR products to be inserted at the same sites of plasmid ds56rII6HI (1) for sequencing. Portions of the Ad9 E1A and E1B genes and the entire Ad9 E4 ORF1 gene were PCR amplified from tumor DNAs, using the following oligonucleotide pairs: E1A primers a (nt 487 to 513; 5Ј CCA GTC GAG TCC GTC AAG AGG CCA CTC 3Ј) and b (nt 1487 to 1461; 5Ј CCA CAC CTT GCA TGC GTC ACA TAG AC 3Ј); E1B primers c (nt 1584 to 1609; 5Ј ATC CTT GCA GAC TTT AGC AAG ACA CG 3Ј) and d (nt 2651 to 2628; 5Ј CAT GCA GGG TCA TCT GGC TGT TGG 3Ј); and Ad9 E4 ORF1 primers 1 (5Ј ATG GCT GAA TCT CTG TAT GCT TTC 3Ј) and 2 (5Ј-CAT GGT TAG TAG AGA TGA GAG TCT GAA 3Ј). For E1A and E1B nested PCRs, DNA products derived from each of the first PCR amplifications described above were extracted with phenol, precipitated with ethanol, and resuspended in water. One-twentieth of each sample was subjected to a second round of PCR amplification using the following oligonucleotide pairs: E1A primers e (nt 726 to 746; 5Ј CCC ATG ATG ACG ACC CTA ACG 3Ј) and b; and E1B primers c and f (nt 2116 to 2094; 5Ј CAA TCC AGC TCC TCT TCC GAC GG 3Ј).
Immunoprecipitation and immunoblot analyses. Immunoprecipitations and immunoblot analyses were performed as described previously (32) . Briefly, frozen tumor powder, generated as described above for the isolation of cellular DNA, was suspended in ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% [wt/vol] SDS, 1% [vol/vol] Nonidet P-40, 0.5% [wt/vol] deoxycholate) containing protease inhibitors (2 g of aprotinin, 2 g of leupeptin, and 100 g of phenylmethylsulfonyl fluoride per ml), sonicated briefly, and cleared by centrifugation (16,000 ϫ g, 10 min). The protein concentration of tumor lysates was determined by the method of Bradford (9) . Three milligrams of protein from tumor lysates was subjected to immunoprecipitation with 15 l of Ad9 E4 ORF1 antiserum prebound to 30 l of protein A-Sepharose beads (Pharmacia) (32) . Beads were washed with ice-cold radioimmunoprecipitation assay buffer and boiled in 2ϫ sample buffer (0. (40) and electrophoretically transferred to a polyvinylidene difluoride membrane, which was blocked in TBST (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.1% [vol/vol] Tween 20) containing 5% (wt/vol) both nonfat dry milk and bovine serum albumin. In these assays, Ad9 E4 ORF1 antiserum (1:5,000 in TBST) (32) and horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:5,000 in TBST; Southern Biotechnology Associates) were used as primary and secondary antibodies, respectively. After extensive washing with TBST, the membrane was developed by enhanced chemiluminescence (Pierce).
Focus assays. Plasmid DNA purified by CsCl density gradient centrifugation was transfected onto 50% confluent tertiary REF cultures or CREF cells on 100-mm-diameter dishes, using the calcium phosphate precipitation method with a glycerol shock (38) . At 72 h posttransfection, REF and CREF cells were passaged 1:3 and maintained in culture medium containing 10 and 6% filtered fetal bovine serum, respectively. Four to six weeks posttransfection, cells were fixed in methanol and stained with Giemsa to quantify transformed foci (32) .
Mammary tumorigenicity of viruses in rats. Female rats with 1-or 2-day-old litters were obtained from Harlan Sprague-Dawley; 12 to 24 h after arrival, newborn rats were injected subcutaneously with 0.4 ml of virus solution on their anterior flanks, using a 26-gauge needle. Beginning 2 months postinfection, animals were examined weekly by palpation for the presence of tumors, until the experiment was terminated at 8 months postinfection. At this time, animals were euthanized, and portions of tumors were removed and either fixed in 10% formalin for histological examination or frozen at Ϫ80°C for isolation of DNA or Protein sequence alignments. Sequences of Ad12, Ad7, Ad5, and Ad40 E1 region polypeptides were obtained from GenBank. Alignments were made by using the Pairwise Sequence Alignment program (ALIGN) of the BCM Search Launcher (50) .
Nucleotide sequence accession number. The nucleotide and polypeptide sequences reported in this paper were submitted to GenBank (accession no. AF099665).
RESULTS
Gene organization and predicted polypeptides of the Ad9 E1 region. To initiate our characterization of the subgroup D Ad9 E1 region, we determined the sequence of the left 4006 nt of the Ad9 genome. From this analysis, we found that the gene organization of the Ad9 E1 region closely resembles that of other human adenovirus E1 regions (Fig. 1A) (48) . In addition, the predicted Ad9 13S E1A, 19K and 55K E1B, and pIX proteins displayed significant sequence similarity with the corresponding proteins from other human adenoviruses, although they were most closely related to the E1 region polypeptides of subgroup B adenoviruses (Table 1) .
Northern blot analyses of total cellular RNA isolated from Ad9-infected A549 cells were also performed to detect Ad9 E1A and E1B mRNAs. In these assays, a diffuse E1A mRNA band migrating at approximately 1 kb and distinct 1.2-and 2.2-kb E1B mRNA bands were observed (Fig. 2) . The size of the E1A mRNA band was consistent with that predicted for the 12S and 13S transcripts (see below), and the two E1B mRNAs corresponded well with the sizes predicted for 13S and 22S transcripts (47) .
Because E1A but not E1B mRNA is detected in Ad9-induced rat mammary tumors (29), we determined the structures of Ad9 E1A transcripts by using reverse transcription-PCR techniques on total RNA from Ad9-infected A549 cells. Sequencing of PCR products obtained from these analyses revealed three Ad9 E1A splice-variant transcripts resembling 13S, 12S, and 10S mRNAs from other human adenoviruses (Fig. 1A) (47) . Ad9 E1A mRNA having a size consistent with that expected for the 10S mRNA was not detected by Northern blot analyses (Fig. 2) , presumably due to its low abundance at early times after infection. The 13S, 12S, and 10S Ad9 E1A cDNAs are predicted to encode 251-, 189-, and 133-aminoacid-residue polypeptides, respectively (Fig. 1B) . Between conserved regions 2 (CR2) and 3 (CR3), the 13S E1A protein of subgroup A virus Ad12 possesses an alanine-rich spacer region which is, in part, responsible for the highly oncogenic phenotype of this virus (33, 53) . In contrast, the Ad9 13S E1A protein was found to contain a non-alanine-rich spacer region similar to the one present in 13S E1A proteins of weakly oncogenic subgroup B adenoviruses (Fig. 1B) .
A large deletion within the E1A or E1B gene abolishes focusforming activity by the Ad9 E1 region. To investigate the trans- (28) . Consistent with these previous findings, pAd9E1 alone failed to generate transformed foci on REFs (Table 2) . Nevertheless, whereas an activated ras plasmid alone also lacked detectable focus-forming activity on REFs, pAd9E1 and the activated ras plasmid together cooperated to produce transformed foci on these cells (Table 2 ). To determine whether Ad9 E1A and E1B gene functions were required for this cooperation, we introduced a large deletion into each of these genes within pAd9E1. A segment of the E1A gene coding for the initiation codon, conserved region 1 (CR1), CR2, and half of CR3 (48) was removed in plasmid pAd9E1(⌬E1A), and E1B gene coding sequences downstream of E1B-19K amino acid residue 14, as well as the first 208 amino acid residues of the 495-residue E1B-55K protein, were removed in plasmid pAd9E1(⌬E1B) (Fig. 3) . Each deletion would be anticipated to inactivate the transforming potential of the relevant gene (21, 22, 57) . When cotransfected with the activated ras plasmid, pAd9E1(⌬E1A) failed to generate any foci on REFs, whereas pAd9E1(⌬E1B) retained significant focusforming activity, albeit at a reduced efficiency compared to wild-type pAd9E1 (Table 2) . These results are concordant with previous results showing that activated ras cooperates with the Ad5 E1A but not the E1B gene (18) . Therefore, our findings provided evidence that the transforming potential of the E1A gene is inactivated in pAd9E1(⌬E1A); however, it was un- clear from these REF assays whether the deletion in pAd9E1 (⌬E1B) similarly affects the transforming potential of the E1B gene.
In an attempt to reveal more striking transforming deficiencies for pAd9E1(⌬E1B), we next performed focus assays in the established REF cell line CREF (19) . Contrary to results obtained in REFs, transfection of pAd9E1 alone into CREF cells led to the formation of numerous transformed foci ( Table 2) . The fact that a plasmid containing Ad9 sequences from 0 to 17.5 m.u. exhibits weaker transforming activity in CREF cells (30) may indicate that Ad9 sequences from 12.5 to 17.5 m.u. interfere with focus formation in these cells. More important, when transfected individually into CREF cells, both pAd9E1 (⌬E1A) and pAd9E1(⌬E1B) displayed significantly impaired focus-forming activity compared to wild-type pAd9E1 (Table 2). Cotransfection of pAd9E1(⌬E1A) and pAd9E1(⌬E1B) into CREF cells, however, resulted in a moderate number of transformed foci, revealing cooperation between the functional E1A and E1B genes retained collectively in the two plasmids. Taken together, the results obtained for low-passagenumber REFs and the cell line CREF showed that the deletions within pAd9E1(⌬E1A) and pAd9E1(⌬E1B) greatly diminish the transforming activity of the Ad9 E1A and E1B genes, respectively.
Isolation of Ad9 E1A or E1B deletion mutant viruses. The importance of the Ad9 E1 region in mammary oncogenesis was assessed by introducing the same E1A and E1B deletion mutations of pAd9E1(⌬E1A) and pAd9E1(⌬E1B) into infectious Ad9 plasmids for recovery of mutant viruses. To complement their E1 region deficiencies, we transfected each of the mutant viral DNAs into human 293 cells, which stably express Ad5 E1 region proteins (2, 23) . In 293 cells, the E1A mutant virus Ad9⌬E1A replicated to titers comparable to those of wild-type Ad9, whereas the E1B mutant virus Ad9⌬E1B replicated to titers approximately 10-fold lower. Because wild-type Ad9 fails to complement the replication defects of the Ad5 E1B-55K mutant dl252 (28), the reduced replication of Ad9⌬E1B conversely may be due to it being poorly complemented by Ad5 E1B proteins expressed in 293 cells. Restriction enzyme analyses of virion DNA verified that Ad9⌬E1A and Ad9⌬E1B contained the expected deletions and further showed that these viruses had not acquired Ad5 E1 region sequences from the 293 cells (Fig. 4) .
Ad9 E1A and E1B mutant viruses retain the ability to elicit mammary tumors in rats. We next tested the ability of mutant viruses Ad9⌬E1A and Ad9⌬E1B to generate mammary tumors in Wistar-Furth rats. In accordance with our previous results (29, 30) , wild-type Ad9 elicited mammary tumors in all of the female rats but none of the male rats, whereas subgroup D Ad26 failed to elicit tumors in any animals (Table 3) . Significantly, we found that both Ad9⌬E1A and Ad9⌬E1B retained the ability to generate mammary tumors in female rats, despite the fact that Ad9⌬E1B-infected animals received a ninefold-lower dose of virus than did animals infected with either wild-type Ad9 or Ad9⌬E1A (Table 3 ). The tumorigenic phenotype of Ad9⌬E1B may not be surprising, considering that, unlike E1A mRNA, E1B mRNA is not detected in Ad9-induced mammary tumors (29) . Furthermore, although mammary tumors elicited by all of the viruses were histologically identical (Table 4) , the tumors produced by Ad9⌬E1A were generally smaller than those induced by either wild-type Ad9 or Ad9⌬E1B, both of which generated tumors of similar size (data not shown).
Mutant Ad9 virus-induced tumors do not contain wild-type Ad9 E1 region sequences. Because retention of tumorigenicity by both Ad9⌬E1A and Ad9⌬E1B was unanticipated, it was important to demonstrate that the mammary tumors caused by these viruses do not contain wild-type Ad9 DNA. For this analysis, we subjected tumor DNAs to a two-step nested PCR procedure (Fig. 5) . In the first step, DNAs were PCR amplified with E1A primers (a plus b) or E1B primers (c plus d) flanking the deleted regions (Fig. 5A) . From these reactions, wild-type Ad9-induced tumors yielded the expected 1,001-bp E1A product and 1,068-bp E1B product, but Ad9⌬E1A-induced tumors and Ad9⌬E1B-induced tumors yielded only the expected smaller 550-bp E1A product and 180-bp E1B product, respectively (Fig. 5B) . To rule out the possibility of low-level contamination by wild-type Ad9 genomes in these mutant virus-induced tumors, we next used a nested set of E1A primers (e plus b) or E1B primers (c plus f) to subject the DNA products of the first PCRs described above to a second PCR (Fig. 5A ). Using these nested primers in control PCRs, we were able to amplify the expected 762-bp E1A and 533-bp E1B products directly from the DNA of a wild-type Ad9-induced tumor (Fig. 5C ). In contrast, we failed to amplify any such wild-type Ad9 DNA products from the first E1A and E1B PCRs of mutant virus-induced tumor DNAs (Fig. 5C ). These results indicated that wild-type Ad9 E1 region sequences are absent from the mutant virusinduced mammary tumors and, consequently, that Ad9⌬E1A and Ad9⌬E1B are able to produce mammary tumors in rats. Mammary tumors contain and express the Ad9 E4 ORF1 gene. As E4 ORF1 is an essential viral determinant for tumorigenesis by Ad9 (32), we next sought to confirm that Ad9 mutant virus-induced mammary tumors retain this gene and express the protein. By PCR amplification or immunoblot analysis, we detected the Ad9 E4 ORF1 gene (Fig. 6A) or its protein expression (Fig. 6B) , respectively, in all mammary tumors, including those elicited by viruses Ad9⌬E1A and Ad9⌬E1B. As smaller tumors had arisen in Ad9⌬E1A virus-infected animals, it was noteworthy that the levels of Ad9 E4 ORF1 protein in Ad9⌬E1A-induced tumors were lower than those in both wild-type Ad9-induced and Ad9⌬E1B-induced tumors (Fig. 6B) .
DISCUSSION
In this study, we determined the nucleotide sequence of the subgroup D Ad9 E1 region and showed that its gene organization and predicted protein products are highly related to those of E1 regions from other human adenoviruses. Additionally, to investigate the role of the Ad9 E1 region in Ad9-induced mammary oncogenesis, we engineered the same E1A and E1B deletion mutations into both Ad9 E1 region plasmids and Ad9 viruses. We found that while E1A and E1B mutant Ad9 E1 region plasmids displayed significantly impaired focusforming activity in vitro, the corresponding E1A and E1B mutant Ad9 viruses retained the ability to generate mammary tumors in rats. These results indicate that although the Ad9 E1 region alone or in cooperation with activated ras exhibits transforming activity in vitro, this activity is not required for mammary tumorigenesis by Ad9 in vivo. Similar examples in which transformation in vitro fails to predict tumorigenicity in vivo are also known for other viral and cellular transforming proteins (6, 8, 35, 45, 48, 56) .
In addition to showing that Ad9 E1 region transforming functions are dispensable for mammary tumorigenesis by Ad9, our results further argue that the Ad9 E4 region-encoded ORF1 transforming gene represents the major oncogenic determinant of this virus. In this respect, Ad9 represents the first example of an oncogenic adenovirus for which the E1 region is not the major oncogenic determinant. The fact that the oncogenic avian adenovirus CELO lacks genes related to the human adenovirus E1A and E1B oncogenes (11) further suggests that additional examples non-E1 region oncogenic determinants for adenoviruses will be found.
Although the mechanism by which Ad9 reaches the mammary glands of rats after subcutaneous inoculation has not been established, we hypothesize that the inoculated Ad9 virions are able to directly infect mammary cells to cause tumors in the animals. This idea is based on the fact that rodent cells are generally nonpermissive for replication of human adenoviruses (48), a property that would limit spread of the virus by successive rounds of viral replication in tissues of rats. Moreover, in this study, we found that Ad9 E1A and E1B mutant viruses (Ad9⌬E1A and Ad9⌬E1B, respectively) retained the capacity to generate mammary tumors in these animals. Because E1A and E1B genes encode critical functions needed for efficient replication of adenoviruses (48) , these new results with E1A and E1B mutant viruses provide additional support for the idea that viral replication in rats is not required for Ad9 to produce mammary tumors.
Although tumors elicited by wild-type and E1 region mutant Ad9 viruses in this study were found to be histologically identical, the tumors induced by the E1A mutant Ad9 virus were generally smaller than those generated by both the wild-type and E1B mutant Ad9 viruses. This finding suggests that E1A transforming functions may, in fact, enhance the growth of Ad9-induced mammary tumors. Nevertheless, it must also be considered that, separate from its transforming functions, E1A also serves an important role in the viral life cycle by transcriptionally activating other viral gene regions, including the E4 region (7, 34, 42) . In the E1A mutant virus Ad9⌬E1A, we introduced a large deletion extending from the E1A initiation codon through half of CR3, a mutation which in addition to abolishing the transforming potential of E1A would also be expected to block transcriptional activation mediated by this gene. With regard to such a lack of E1A transcriptional activity in virus Ad9⌬E1A, it may be relevant that mammary tumors generated by this virus expressed reduced levels of the E4 ORF1 protein (Fig. 6B ). This finding may indicate that E1A plays an accessory role in Ad9 mammary tumorigenesis by transcriptionally activating the viral E4 region and, thereby, elevating expression of the Ad9 E4 ORF1 oncogenic determinant. Similar indirect roles in viral oncogenesis have been ascribed to the bovine papillomavirus type 1 E2 and the Epstein-Barr herpesvirus EBNA2 transactivators, which participate in tumor formation by increasing expression of represented negative controls in these reactions; 1.5 g of genomic DNA or 10 ng of virion DNA was used as a template. (C) Nested PCR 2 utilized E1A primers e and b or E1B primers c and f. In these reactions, DNA from a wild-type Ad9-induced tumor and 3Y1 genomic DNA represented positive and negative controls, respectively; 1/20 of the DNA products from PCR (B) was used as a template for PCR 2. PCR conditions: 30 cycles of denaturation at 94°C for 1 min, annealing at 65°C (E1A reaction 1), 58°C (E1A reaction 2), or 60°C (E1B reactions 1 and 2) for 1 min, and extension at 72°C for 1 min, followed by a final 72°C extension for 15 min. DNA products were separated by agarose gel electrophoresis and visualized with ethidium bromide.
the transforming genes of their respective viruses (14, 16, 24, 36, 43) .
In addition to promoting tumorigenesis, the oncoproteins of DNA tumor viruses may also contribute to determining which particular tissues are targeted for neoplasia. Comparisons of two related families of viruses, the papillomaviruses (PVs) and fibropapillomaviruses (FPVs), can be used to illustrate this idea. Although members of both families of viruses encode three different, structurally conserved transforming proteins, E5, E6, and E7 (5, 10, 15, 27, 39, 46) , PVs and FPVs target distinct tissues in vivo, with PVs causing papillomas in epithelial keratinocytes and FPVs causing fibropapillomas in dermal fibroblasts (27) . It has been established that E6 and E7 represent the major transforming proteins of PVs, whereas the E5 gene product is the major transforming protein of FPVs (27) . Such observations have led to the hypothesis that the use of functionally different oncogenic determinants contributes to the unique tumorigenic tissue tropisms of PVs and FPVs (27) . Likewise, Ad9 causes estrogen-dependent mammary tumors, whereas other oncogenic adenoviruses induce sarcomas in rodents. Therefore, one intriguing possibility is that novel molecular mechanisms which underly the transforming activity of Ad9 E4 ORF1 (41) permit Ad9 to selectively target mammary cells for tumorigenesis.
